Chromatic induction from a surround is attenuated by chromatic contrast within a remote region outside of the surround (Shevell & Wei, 1998 , Vision Research, 38, 1561-1566. The present study reports hue-cancellation measurements that show the attenuation depends on the magnitude, spatial frequency and chromaticity of remote chromatic contrast. Spatial-frequency tuning is shown by maximal attenuation of induction with remote contrast elements of the same size as the test. Experiments with various chromaticities of remote contrast show that S-cone stimulation within the remote region has a much weaker effect than L-/M-cone chromatic contrast, and does not depend on whether the S-cone stimulation is uniform or uneven across the region. Overall, the results show that remote L/M contrast affects classical chromatic induction, with its effect depending on the spatial frequency and magnitude of contrast. The influence of remote S-cone stimulation, on the other hand, is relatively weak and depends on only the S-cone spatial average, at least when S-cone stimulation by the test and its immediate surround is minimal (as in all experiments here).
Introduction
Simple stimuli composed of a small test field within a uniform surround have been used for decades to study luminance or chromatic induction (Yund & Armington, 1975; Walraven, 1976; Shevell, 1978) . Some studies have included non-uniform stimuli such as Mondrians (e.g. Reid & Shapley, 1988; Valberg & Lange-Malecki, 1990 ) though the results were often interpreted in terms of the effects from an 'equivalent' uniform surround (e.g. Valberg & Lange-Malecki, 1990) . Recently, a number of reports have emphasized that 6ariation within a stimulus is important in determining the color appearance of a test light. For example, Brown and MacLeod (1997) found that test rectangles looked less 'vivid' when presented in a colorful scene, compared to when presented within a low-contrast gray surround of the same average luminance and chromaticity. Jenness and Shevell (1995) observed that hue-cancellation results with a 'red' background containing sparsely-distributed 'green' dots within it were unlike the results with the space-averaged uniform background or the expected results from combining the effects of the dots and background acting separately. These authors and others (e.g. Bäuml, 1994; Schirillo & Shevell, 1996; Zaidi, 1999) concluded that their measurements were inconsistent with color appearance models based on adaptation to an equivalent uniform background.
The finding that variation, or contrast, about the mean luminance or chromaticity alters stimulus appearance has prompted several groups of researchers to investigate contrast gain-control models (Chubb, Sperling & Solomon, 1989; Singer & D'Zmura, 1994 Spehar, DeBonet & Zaidi, 1996) . In their experiments, the temporal modulation of a random visual texture or binary-noise stimulus in an annular surround altered the apparent contrast within an unvarying test stimulus. High contrast in the surround reduced the apparent contrast in the center, particularly if the components of the test and surround were similar in orientation (Cannon & Fullenkamp, 1991; Solomon, Sperling & Chubb, 1993) , spatial frequency (Chubb et al., 1989) or chromatic axis (Singer & D'Zmura, 1994) . D'Zmura and Singer (1999) ; see also D'Zmura, 1998) have incorporated results showing spectral, spatial and orientation selectivity into a multi-channel model of contrast gain control.
Previous studies from this laboratory demonstrated that remote 'context' can alter the appearance of a test stimulus (e.g. Wesner & Shevell, 1992 , 1994 . Context that is remote from the test field allows aspects of the visual stimulus to be varied without altering the contrast at the edge of the test. This experimental approach recently was applied to the study of classical chromatic induction (Chevreul, 1839; Jameson & Hurvich, 1961) . Shevell and Wei (1998) measured the effects of a remote 'red/green' checkerboard on chromatic induction from a 'red' surround, using a hue-cancellation technique. The 'red' surround alone induced greenness into the central test field. This induction of greenness, however, was strongly attenuated when a 'red/green' checkerboard was presented in the region outside of the surround. On the other hand, a uniform remote field in place of the checkerboard but at the same space-averaged chromaticity caused only a slight attenuation of induction. Finally, replacing the immediately surrounding 'red' field with a 'yellow' field, which greatly reduced the chromatic contrast between the test and its surround, eliminated the influence of the remote 'red/green' checkerboard. These results were accounted for by a contrast gain control that altered the neural response to contrast at the edge of the test field, with the gain setting affected by contrast within the remote region.
The present research extends the work of Shevell and Wei (1998) by varying the properties of the contrast within the remote region. In the first and second experiments, the contrast magnitude and spatial frequency of the 'red/green' checkerboard are varied. D'Zmura (1994, 1995) , who measured perceived contrast rather than hue, reported that the magnitude of induced contrast modulation in the test stimulus was linearly related to the contrast modulation in the surround. Spatial-frequency tuning between the components of the test and the surround was found in achromatic inducedcontrast experiments (Chubb et al., 1989; Solomon et al., 1993) . Consistent with these results, Schirillo and Shevell (1996) found that brightness matches for incremental test squares depended on both the contrast magnitude and the spatial frequency of an inhomogeneous achromatic surround. These results suggest that similar gain-control mechanisms affecting chromatic induction also may depend on the spatial frequency and magnitude of chromatic contrast within the remote region. These predictions are tested in the first two experiments. D'Zmura (1994, 1995) observed chromatic selectivity for chromatic contrast induction; that is, the test contrast was maximally attenuated when the test varied in contrast along the same chromatic axis as the surround. They varied contrast independently along the achromatic, L/M-cone, and S-cone axes. Chromatic selectivity was not complete, however, as luminance contrast within a surround affected test stimuli on either of the equiluminant axes, and L/M or S contrast modulation in the surround altered contrast appearance along the other chromatic axis. Partial chromatic selectivity was also reported by Mollon (1991, 1994) using adapting stimuli with temporal rather than spatial contrast. The extent to which the L/M and S pathways act independently remains an area of active research (e.g. Krauskopf, Williams & Heeley, 1982; D'Zmura & Knoblauch, 1998; Stromeyer, Chaparro, Rodriguez, Chen, Hu & Kronauer, 1998) .
Most of the stimuli used by Shevell and Wei (1998) provided minimal stimulation of the S cones and no S-cone contrast within the remote region. The 'red' and 'green' squares of the checkerboard had chromaticities chosen to establish uniform S-cone stimulation across the field. The experiments here test whether the appearance of the central test depends on the S-cone stimulation in the remote region. Remote regions were constructed with various levels of uniform S-cone stimulation or with S-cone contrast, while L/M stimulation in the remote region was either uniform (third experiment) or had contrast (last experiment).
Methods
Most of the techniques and equipment were similar across the experiments. These methods are described in this section. The unique features of stimuli for the separate experiments are given in Section 3.
Equipment
The experiments were controlled by a Macintosh computer with an auxiliary video board (model IIcx for experiments 1 and 2, and model 7600/132 for experiments 3 and 4). Stimuli were presented on a high-resolution 17 in. Nanao T560i (experiments 1 and 2) or Radius PressView monitor (experiments 3 and 4). Each monitor had a spatial resolution of 832× 624 pixels and a 75 Hz refresh rate. A more complete description of the monitor calibration is provided by Shevell and Wei (1998) . In brief, the Judd chromaticities of the phosphors were determined with a calibrated scanning spectroradiometer, and the phosphors were linearized with look-up tables determined by measuring the light level at each of the digital gun values. Absolute light levels were measured with a Minolta LS-100 luminance meter. The viewing distance to the monitor was approximately 70 cm. A chin and forehead rest was used to maintain stable head position.
Obser6ers
Different groups of observers participated in the various experiments. Consent forms were signed in accordance with the policy of the University of Chicago's Institutional Review Board. Author J.W. and two others were the observers for experiments 1 and 2, and author C.B. and a total of five other observers took part in experiments 3 and 4. With the exception of the authors, the subjects were paid University of Chicago students who were naive regarding the purpose of the experiments. All subjects had normal color vision, as assessed by Rayleigh matching. Subjects wore their non-tinted prescription glasses, as required.
Stimuli
The exact phosphor radiances for equiluminant stimuli were determined for each observer using heterochromatic motion photometry (Anstis & Cavanagh, 1983) . A minimally distinct border was measured at constant luminance for each observer to establish S-cone isolation (Tansley & Boynton, 1978) . The cone fundamentals of Smith and Pokorny (1975) were used to calculate the excitation of the L, M, and S cones. The experiments were run in a dark room.
There were four basic experimental conditions: the test alone ('dark adaptation' condition), the test with only an immediate 'red' surround, and the test-plus-surround within a remote region composed of either a uniform field or a 'checkerboard' of two or more chromaticities. With the change in apparatus between the two parts of this study, the viewing distance was increased slightly, resulting in an overall decrease in stimulus size of about 10%. In the following description, the stimulus sizes for experiments 3 and 4 are given in brackets. For most experiments, the test stimulus was a 0.5 [0.44] deg square. The test was composed of light from the R and G phosphors (Judd (x%, y%) chromaticities of (0.63, 0.34) and (0.29, 0.61), respectively). Four levels of R in the test were used in separate blocks within each session. The 'red' surround (x%, y%= 0.61, 0.34) was a 1.5 [1.32] deg square in most experiments. A 4 [3.5] deg square remote region was presented contiguously with the surround. A typical checkerboard condition is illustrated schematically in the top panel of Fig. 1 . Color schematics of the checkerboard and uniform remote fields are shown in Fig. 7 . Further descriptions of the stimuli, including luminances, chromaticities, and sizes of the checks, are given in Section 3.
Procedure
Color appearance was measured with the red-green hue-cancellation technique (Jameson & Hurvich, 1955;  successive settings. The G-phosphor radiance was offset from the previous setting between trials. Results for each block were averaged within each session, and then the daily means were averaged across days. The graphs in Section 3 show the mean Log G values, along with the standard errors of the mean (S.E.M.s) calculated from at least two sessions for each stimulus condition (at least four sessions per condition in experiments 3 and 4).
Results

Spatial frequency of remote L/M contrast
As check size decreases in the remote checkerboard, the appearance of the remote region approaches that of a uniform field at the space-averaged chromaticity. One might expect, therefore, that the results with the remote checkerboard would shift toward the measurements with a uniform space-averaged remote field as the check size decreases (that is, shift toward reduced attenuation of induction). On the other hand, if a contrast gain-control mechanism is spatial-frequency selective, then moving the check size away from the size of the test field-either by increasing or decreasing check sizewould reduce the attenuation caused by the checkerboard.
Stimuli
In this experiment, the 'red' and 'green' squares in the checkerboard had (x%, y%) chromaticities of (0.61, 0.34) and (0.30, 0.61), respectively. They were equal in luminance and in S-cone stimulation. The luminance of the 'red' surround and the remote region was 8 cd/m 2 . The size of the checks in the remote region was varied. Results were compared between conditions in which the test-field size matched the size of the remote checks versus conditions in which the checks were of a different size. The width of the entire remote region was fixed at 4 deg; the width of the individual square checks was varied by multiples of two from 0.0625 to 2 deg (that is, from 64 to 2 squares on one side of the 4 deg remote region). The width of the test was 0.5 deg in one half of the sessions and 1 deg in the other half. When testing with the 1 deg test, the surround size was increased from 1.5 to 2 deg. 
Results
Measurements with 'red/green' (henceforth R/G) remote checkerboards composed of checks of various sizes are shown in Figs. 2 and 3. Observers set the level of the G phosphor within the test so it appeared neither reddish nor greenish. The means and S.E.M.s of these Walraven, 1976; Shevell, 1978) . Observers participated in a number of practice sessions prior to the collection of the data reported here. All sessions began with 5 min of dark adaptation. This was followed by 5 min of adaptation to the surround and remote region, if in use, or by an additional 5 min dark adaptation in the test-alone condition. The surround and remote region were changed between sessions, with the different conditions tested in random order. The level of the R phosphor in the test was fixed at one of four values within each block of a session, with the blocks presented in random order (R of 2.6, 5.2, 10.5 or 16.7 cd/m 2 in the first and second experiments, and 3.2, 4.9, 7.3 or 10.9 cd/m 2 in the third and fourth experiments). Observers were instructed to fixate the central test square. They used a joystick to adjust the radiance of the G phosphor within the test square so that the test appeared neither reddish nor greenish. After a preliminary setting of the test color at the start of each block, there was 1 min of adaptation to the complete stimulus, and then five It is well known that a light which appears 'yellow' in the dark will appear more greenish when viewed within a 'red' surround. As expected, the observers here set lower levels of the G phosphor to achieve a neither reddish nor greenish percept when the test was presented within the 'red' surround than when it was presented alone (filled circles below open circles in Figs. 2 and 3). As observed by Shevell and Wei (1998) , the chromatic induction from the 'red' surround was attenuated when the stimulus also included a 4 deg remote region, outside of the surround, which was composed of 0.5 deg 'red' and 'green' checks (largest squares-withcross are above the filled circles in upper panels of Fig.  2 ). When the checkerboard was replaced with a uniform yellowish region, which is the spatial average of the checkerboard but lacks L/M cone contrast, little attenuation was observed (open diamonds close to the 'red' surround-only data in lower panels of Fig. 2) .
The check size in the R/G remote region was varied in different sessions. In the upper panels of lower graphs show the results for checkerboards with squares of width 1 or 2 deg. As in the upper graphs, the maximum attenuation of chromatic induction occurred when the check size was 0.5 deg, the same size as the test. These measurements are consistent with size tuning in correspondence with the size of the test field, not with simply weaker attenuation with smaller checks. In general, the magnitude of attenuation of induction does not change monotonically with check size. Note that this result also rejects the hypothesis that the magnitude of attenuation increases with the total length of contrast edges in the remote stimulus.
In order to confirm that the correspondence between the size of the test and the size of the remote-checkerboard squares produces the maximal attenuation, as opposed to spatial-frequency selectivity within only the remote region, the experiment was repeated with a 1 deg test field. If the size match between the test and remote checks is the critical factor, then in this experiment the greatest attenuation should be observed with the 1 deg remote squares. For this part of the study only, the 'red' surround width was enlarged to 2 deg. As predicted from the spatial correspondence hypothesis, the results with the 1 deg test showed the most attenuation of induction when the remote check size was 1 deg, as shown in Fig. 3 . Compared to this condition, the measurements were shifted toward the 'red' surround-only results when the checks were either: (i) smaller than 1 deg (shift downwards with decreasing size of the square-with-cross symbols in Fig. 3 , upper panels); or (ii) larger than 1 deg (the larger square-withcross symbols in the lower panels of Fig. 3) . These results are consistent with the findings in Fig. 2 , and together indicate that chromatic contrast within a remote region has the greatest effect on color appearance when matched in size to the test field.
The measurements from this experiment are summarized in Fig. 4 for all three observers. In this figure Shevell and Wei (1998) concluded that chromatic contrast in a remote region significantly attenuates chromatic induction from a contiguous surround. The conclusion was based on the difference between results with the remote R/G checkerboard and results with a uniform remote field at the space-averaged chromaticity of the checkerboard. This conclusion may be strengthened by showing that the magnitude of the attenuation increases with the magnitude of contrast within the remote region. Intermediate contrasts were tested in this experiment (20, 40, 60 and 80%) and compared with the 100-and 0%-contrast results from experiment 1.
Magnitude of remote chromatic contrast
Stimuli
For this experiment, the test size was fixed at 0.5 deg and the remote region was the R/G checkerboard with checks of width 0.5 deg (Fig. 1, top panel) . Without changing the space-averaged chromaticity of the checkerboard region, chromatic contrast between the squares was varied between 20 and 80% of the maximal contrast, in steps of 20%. This was accomplished by changing the relative proportion of light from the original R and G checks that composed each check in the new the four levels of Log R. The average of the four differences for an observer was defined as the maximal attenuation for that observer (average differences ranged from 0.22 to 0.27 log unit for the three observers). The difference between the Log G values for each of the intermediate contrast magnitudes (20, 40, 60 or 80%) and the values for 0% contrast were averaged across Log R, and then expressed as a proportion of each observer's maximal attenuation. These scaled differences are graphed in Fig. 6 as a function of checkerboard contrast. By definition, the values increase from 0.0 at 0% contrast to 1.0 at 100% contrast. Fig. 6 confirms that attenuation of induction increases with increasing contrast in the remote region.
Varying S-cone stimulation in a remote region without L or M contrast
The 'red' and 'green' checks in the experiments described above were equal in S-cone stimulation. Further, the level of S-cone excitation in the entire stimulus was minimal. The following experiment examines the influence of varying S-cone stimulation in the remote region on the hue of the test-within-surround.
Stimuli
Initial measurements were made with a 0.44 deg test alone, and with the test within a 1.32 deg, 6 cd/m 2 'red' surround. The test and surround were then presented within a 3.5 deg uniform yellowish remote region (Fig.  7, top left) . We refer to this condition as 'Uniform LM' to indicate constant baseline levels of L and M stimulation across the field. Note that the chromaticity of the 'Uniform LM' region differs from that of the 0%-contrast region in the preceding experiments. Two other remote stimuli were created by adding S-cone stimulation without changing the level of L-or M-cone stimulation. In the first, a uniform increase in S was applied across the remote region. This resulted in a slightly purplish uniform remote field that we call 'Uniform LM+ Uniform S' (Fig. 7, middle left) . In the second, small squares within the remote region were presented at one of four different levels of added S, ranging from 1 to 15 times the level of S in the 'Uniform LM' field. We call this condition 'Uniform LM+ Contrast S' (Fig.  7, bottom left) . The 'Uniform LM + Contrast S' field is a checkerboard with squares of width 0.44 deg. An equal number of squares were at each level of S. The spatial locations of squares at each S level were chosen randomly each time this condition was run. The levels of added S were chosen so that the space-averaged chromaticity across the remote region was the same as for the 'Uniform LM+ Uniform S' condition. The Judd chromaticity coordinates for the stimuli used in this experiment are in Table 1 (upper part). The three types of remote regions were presented in separate conditions. For example, for 80% contrast the 'red' checks were composed of a mixture of 90% light from the original R checks and 10% from the original G checks, whereas the 'green' checks had 90% from G and 10% from R. As the contrast decreased, the chromaticities of the 'red' and 'green' checks varied along an L/M line in chromaticity space with end-points defined by the 100%-contrast condition. Checkerboards of different contrasts were tested in separate sessions, in random order.
Results
Measurements for two of the three observers are shown in Fig. 5 . For clarity, only the 40-and 80%-contrast results are shown in these graphs, along with the results for 100% contrast (squares-with-cross) and for the space-averaged 0%-contrast uniform field (filled squares) replotted from Fig. 2 . The trend toward decreasing attenuation with decreasing checkerboard contrast is clear. The measurements shift downward on the Log G axis with the change in remote contrast from 100 to 80% (diamonds), 40% (triangles) and 0% (squares). The Log G values for 60-and 20%-contrast generally were located between the 80 and 40%, and the 40 and 0% curves, respectively. Attenuation was minimal at 20% contrast. Similar results were observed for subject Y.Z. except that attenuation was minimal with contrast up to 60%. These experimental results are consistent with a gain-control mechanism that is sensitive to the amount of chromatic variation in the remote region. Fig. 6 summarizes the results for all three observers. For each observer, the difference between the 100-and 0%-contrast Log G values was calculated for each of sessions, in random order. Four observers participated in this experiment.
The results from this experiment are shown in Fig. 8 for two of the observers. Results from all four observers are summarized in Fig. 10 . The measurements with the uniform yellowish remote region (Uniform LM) are close to those with the 'red' surround only (compare diamonds and filled circles, Fig. 8 ). The single exception is one point with a large standard error (S.B.s setting at the lowest Log R). Overall, the results are consistent with the earlier finding of weak attenuation of induction with a uniform yellowish remote field. Differences between subjects in overall chromatic adaptation are reliable, as has been found in previous work (Shevell, 1982) .
The squares in Fig. 8 represent measurements with remote regions containing additional S-cone stimulation. Open squares show results with a uniform remote region (Uniform LM+ Uniform S) whereas filled squares show measurements with a remote field containing S-cone contrast (Uniform LM+ Contrast S). The two sets of squares are nearly superimposed at each value of Log R, which indicates that S-cone contrast within the remote region did not change the results from those with a uniform remote region at the same space-averaged level of S-cone stimulation.
All four observers in this experiments showed a negligible difference between results with the 'Uniform LM+ Uniform S' remote region and the 'Uniform LM+ Contrast S' remote region. The overall effect of increasing the mean S-cone stimulation in the remote region, however, differed by subject. Observer C.B. showed a small shift upward in Log G, which implies a shift toward redness (compare squares to diamonds in the left panel of Fig. 8) , whereas observers S.B. and S.B.S. each showed a small shift downward (toward greenness) at one level of Log R but generally little overall effect (see S.B.s data in the right panel of Fig.  8) . Finally, observer A.P. showed a shift toward greenness with increased S but only at the two lowest levels of Log R. These individual differences were reliable.
In a limited set of further experiments, the space-averaged value of S was doubled in the remote region (data not shown). For both observers, the higher level of remote S raised Log G values by very small amounts (an average of 0.04 log unit relative to the results with the standard S level for observer C.B., 0.03 log unit for observer S.B.S.). For both observers, at the higher remote-S level the measurements were very similar with Uniform S or with Contrast S (differences of − 0.019 Fig. 7 . Illustrative examples of the stimuli used in the third and fourth experiments. These portray the relations among the different remote regions rather than reproduce the exact chromaticities (the actual Judd chromaticity coordinates are listed in Table 1 ). The third experiment of this study used the stimuli represented in the left column, and the fourth experiment used those in the right column. The stimuli in the middle row ('Uniform LM+ Uniform S' and 'Contrast LM + Uniform S') were created by adding a uniform increment of S to the baseline remote region shown at the top ('Uniform LM' or 'Contrast LM'). The stimuli in the lower panels ('Uniform LM + Contrast S' and 'Contrast LM +Contrast S') have the same mean S level as those in the middle panels, but one of four different values of S was added to each square within the remote region. Fig. 7) . Log G values for the 'Contrast LM' checkerboard (square-with-cross symbols), the 'Contrast LM +Uniform S' checkerboard (open triangles), and the 'Contrast LM + Contrast S' checkerboard (filled triangles).
was varied in this experiment, so all remote regions had the same fixed level of L contrast, M contrast, and luminance. The 'Contrast LM+Contrast S' checkerboard had four different incremental levels of S (from 1 to 15 times the low level of S in the 'Contrast LM' condition). Each level of S was added to an equal number of 'green' and orangish squares from the original 'Contrast LM' checkerboard. The spatial distribution of S increments was randomized at the start of each 'Contrast LM+ Contrast S' session. Note that the space-averaged chromaticity of the 'Contrast LM+ Contrast S' remote region is equal to that of the 'Contrast LM + Uniform S' remote region, and also to that of the 'Uniform LM+ Uniform S' and 'Uniform LM+Contrast S' stimuli used in the previous experiment. Four observers participated in this experiment.
In a brief additional set of runs, two observers were tested using checkerboards that varied the size of only those elements providing the S-cone contrast. The 0.44 deg 'green' and orangish squares composing the 'Contrast LM' checkerboard had various levels of S stimulation added in square areas of either twice the size (0.88 deg S-cone squares, similar to Fig. 1 middle panel) or half the size (0.22 deg S-cone squares, similar to Fig. 1  bottom panel) . These new stimuli were tested in a set of randomly ordered sessions, together with the standard 'Contrast LM+Contrast S' checkerboard (0.44 deg S-squares).
The results of this experiment (Fig. 9) are consistent with those from the previous one. The measurements were similar for the two increased-S conditions (open triangles for 'Contrast LM+ Uniform S', filled triangles for 'Contrast LM+Contrast S'), though with slightly but consistently greater attenuation for observer S.B. with S-cone contrast (Fig. 9, right panel) . The results of this experiment again indicate that the presence of S-cone contrast had a minimal effect. There 0.01 for C.B., and 0.05 9 0.01 for S.B.S.). Again, there was a negligible effect of S-cone contrast.
Varying S-cone and L/M-cone stimulation simultaneously in the remote region
The stimuli in the preceding experiment had no Lcone or M-cone contrast in the remote region. If contrast gain in the L/M or S pathway depends on the contrast level in both the L/M and S directions, then an influence of remote S-cone contrast could have been missed with the stimuli used in the previous experiment. The final experiment included L/M contrast within the remote region, to investigate possible interactions between the L/M and S components of the stimuli.
Stimuli
The baseline condition in this experiment was a checkerboard composed of 'green' and orangish squares of width 0.44 deg. The 'red' squares from the first experiment were changed to chromaticity (x%, y%) = (0.57, 0.39) [dominant wavelength 595 nm] in order to permit a greater range of added S-cone stimulation within the gamut of the video monitor. To distinguish this 'green'/orangish checkerboard (Fig. 7, top right) from the R/G checkerboards used in experiments 1 and 2, we label it 'Contrast LM'. This indicates that the checkerboard has L-cone and M-cone but not S-cone contrast. This experiment followed the general design of the previous one by comparing a low level, uniform-S-cone remote stimulus ('Contrast LM') to remote stimuli with additional S-cone stimulation that was either uniform ('Contrast LM+Uniform S', Fig. 7 middle right) or varied across the squares of the checkerboard ('Contrast LM+ Contrast S', Fig. 7 lower right; see also lower part of Table 1 ). Only S-cone stimulation was only a single exception to this general finding, which was observed at the highest Log R setting for one observer (M.F.) who had a setting with 'Contrast LM +Contrast S' that was 0.36-log higher than her value with 'Contrast LM +Uniform S'. Similar to the finding in the previous experiment, observers C.B. and S.B. showed a small difference in the overall effect of the increased mean level of S-cone stimulation, with a replication of the small shift to higher Log G values (toward redness) for C.B. but not S.B. Fig. 10 summarizes the data from all the observers who participated in the last two experiments. For each observer, the Log G values for the 'x LM+ Uniform S' condition were subtracted from the corresponding value for the 'x LM+ Contrast S' condition, at each Log R level (where x is Uniform or Contrast). The means and S.E.M.s of those four differences are shown in Fig. 10 for each observer, with results for 'Uniform LM' in the left panel (previous experiment) and the results for 'Contrast LM' in the right panel (last experiment). These graphs demonstrate that the measurements are very similar with either a uniform increase in S or with S-cone contrast at the same space-averaged level. The points fall near the dashed line at 0 (Fig. 10) . The two points beyond 0.1 log unit from 0, both from inexperienced observers, have larger standard errors. The filled circle at the far right side of each plot shows the overall average for the four observers in each experiment. These small values (0.01 9 0.04 in Fig. 10 left, 0.06 9 0.02 in Fig. 10 right) indicate a negligible overall difference between the Contrast S and Uniform S conditions, either with or without L/M contrast within the remote region.
The spatial frequency of the 'Contrast LM+ Contrast S' checkerboard was modified in a final set of experiments. This was done to exclude the possibility that the S-cone spatial-frequency tuning is so different from that of L/M that the 0.44-deg squares in the previous checkerboards were sub-optimal, resulting in no observable difference between the Uniform S and Contrast S conditions. First, the spatial frequency of (only) the S-cone contrast was doubled in the 'Contrast LM+Contrast S' condition, so that each 'green' or orangish square had four 0.22 deg sub-squares with different S values within it. Second, the S-cone spatial frequency was halved, so that two 'green' and two orangish squares were covered by each 0.88 deg square of a given S level. The four levels of S in these stimuli were the same as those in the standard 'Contrast LM+ Contrast S' conditions. These conditions were tested in a randomized set along with a replication of the standard 'Contrast LM+ Contrast S' stimulus. Fig. 11 shows that the Log G values were independent of the size of the S-cone checks. This result confirms that the mean level of S, not its spatial distribution, is the critical factor.
Discussion
The induction of greenness into a central test stimulus, by a long-wavelength surround, is attenuated by L/M-cone contrast in a remote region outside of the surround (Shevell & Wei, 1998) . A uniform yellowish region outside of the surround, on the other hand, produces much less attenuation than the L/M contrast at the same space-averaged chromaticity. These findings were accounted for by a contrast gain control acting on the contrast edge between the test and its immediate surround. In the present study, these results have been extended by using remote regions with various contrast levels, spatial frequencies, and chromatic compositions. Based on the results from Shevell and Wei (1998) , we predicted that the amount of attenuation would increase with the magnitude of contrast within the remote checkerboard. This was confirmed in experiments in which the remote contrast was varied (Fig. 5) . Attenuation of induction increased with increasing contrast in the R/G checkerboard for all three observers (Fig. 6 ). This finding is qualitatively consistent with D'Zmura (1994, 1995) who report that the perceived contrast in a central test area depends approximately linearly on the contrast within the surrounding region. These results provide support for contrast gain-control models.
The induced appearance of an achromatic test stimulus depends on the correspondence between the spatial frequency in the test and its surround (Chubb et al., 1989; Cannon & Fullenkamp, 1991; Solomon et al., 1993) . Some experiments with checkerboard inducing stimuli, however, indicated that a change in the size of the checks had little or no effect on the appearance of the test (Brenner, Cornelissen & Nuboer, 1989 ; the decremental test condition in Schirillo & Shevell, 1996) . Therefore it was unclear whether a change in check size in our remote R/G checkerboard would affect the appearance of the central test.
The results here with the 0.5 deg wide test showed maximal attenuation of induction when the remote checks were the same width (Fig. 2) ; similarly, for the 1 deg central test the maximal attenuation was found with 1 deg remote checks (Fig. 3) . Attenuation of induction decreased when the size of the remote checks was increased or decreased away from the size of the test field (summarized in Fig. 4 for the three observers) . Thus the results demonstrate size tuning for the effect of the remote checks, relati6e to the size of the central test. This spatial tuning for the effectiveness of remote contrast is consistent with reports of tuning between the center and surround components in achromatic induced-contrast experiments (Chubb et al., 1989) .
The experiments reported by Shevell and Wei (1998) used checkerboards with low, fixed levels of S-cone stimulation in the central and remote regions. The only exception was a brief experiment in which the 'red' squares of the checkerboard were replaced by 'blue' ones on a tritanopic confusion line with the 'green' squares. This produced a checkerboard with S-cone contrast but no L/M contrast. The 'blue/green' checkerboard might have been expected to affect color appearance because of the average S-cone stimulation within it. Wesner and Shevell (1994) observed greater induced redness from S-cone stimulation within a remote annulus than with a contiguous surround, which is similar to the spatial arrangement of the checkerboard stimulus. Further, interactions between the L/M and S pathways have been reported (see Section 1). Results with the 'blue/green' checkerboard, however, resembled the results with a uniform 'green' remote region. There was little attenuation of the induction from the surround and virtually no effect of changing from a 'blue/green' checkerboard to a uniform 'green' remote region. The 'blue/green' checkerboard, however, did not have both L/M and S contrast within it so it might not have revealed interactions between the pathways.
Remote S-cone stimulation was varied in the experiments here, and, in some cases, was presented together with L/M contrast. The effect of adding S-cone contrast to the remote stimulus was quite different from the effect of L/M contrast. These experiments showed there was a negligible difference in test appearance with a remote field containing uniform S-cone stimulation, compared to a remote field containing S-cone contrast, regardless of whether the baseline stimulus was uniform in LM stimulation (Fig. 8, Fig. 10 left panel) or had LM contrast (Fig. 9, Fig. 10 right panel) . Further, equivalent results were obtained with different sizes of the S-cone-contrast checks in the remote area (Fig. 11) . These measurements cannot be explained by the relatively sparse S-cone distribution (Curcio, Allen, Sloan, Lerea, Hurley, Klock et al., 1991) . Even the smallest remote S checks used (0.22 deg width) can be resolved by the S cones [by observation, and by comparison with physiological (de Monasterio, McCrane, Newlander & Schein, 1985) and psychophysical (Humanski & Wilson, 1992 ) studies on S cones]. The standard width 0.44 deg S checks were very clearly distinguishable within the remote region. Therefore, the results of experiments 3 and 4 indicate that remote S-cone contrast does not alter the attenuation of L/M induction. Note that the apparent independence of the L/M and S contrast here is not inconsistent with the partial chromatic selectivity observed in experiments by Krauskopf et al. (1982) ; Webster and Mollon (1991) and D'Zmura (1994, 1995) . A more global statement about chromatic selectivity for chromatic induction requires testing with various combinations of chromaticities in the whole stimulus, combining achromatic, S and L/M contrast within the remote region and at the border between the test and surround.
D'Zmura and Singer (1999) developed a model in which multiple filters determine color appearance at a specific location, based on neural responses from that point and from surrounding regions (see also Singer & D'Zmura, 1995; D'Zmura, 1998) . Their model, which incorporates contrast gain control (cf. Sperling, 1989; Heeger, 1992) , could include up to 72 filters 1 . Such a large number of filters may be needed to incorporate 1 The total of 72 filters is the product of four (octave-wide) spatial frequency bands ×six (30 deg wide) orientation bands ×three chromatic axes (D'Zmura, 1998) . Some of the filters may be neglected, for example due to a negligible effect of chromatic contrast on an achromatic test stimulus (Singer & D'Zmura, 1994 . the effects of spatial-frequency tuning, orientation tuning and chromatic selectivity observed in the inducedcontrast studies cited earlier. We also found size (spatial frequency) tuning for the R/G checkerboard stimuli, and would expect that contrast gain-control mechanisms revealed here may also be tuned for orientation. Therefore, in general, multiple filters are required to model L/M contrast gain control. S-cone stimulation, however, can be accounted for in our results much more simply: the contribution from S cones can be represented by a single number, the mean level of S-cone stimulation.
Our results support previous claims that adaptation to a complex scene cannot be explained by the effect of some 'equivalent' uniform adapting field (Bäuml, 1994; Jenness & Shevell, 1995; Brown & MacLeod, 1997; Shevell & Wei, 1998; Zaidi, 1999) . Retinal ganglion cell recordings from salamander and rabbit lead to the same conclusion (Smirnakis, Berry, Warland, Bialek & Meister, 1997) . These physiological retinal results do not, of course, preclude cortical contributions to contrast gain controls, as pointed out by Smirnakis et al. (1997) . Psychophysical induced-contrast experiments provide evidence for both precortical (Chubb et al., 1989) and cortical (Singer & D'Zmura, 1994) gain-control mechanisms. The locus of the neural mechanisms that mediate the remote contrast effects on color appearance, described here, remains an important issue for further study.
